Saccharum officinarum L. Hawaii Eddy covariance Net ecosystem productivity Radiation use efficiency 2nd generation biofuel production A B S T R A C T Sugarcane has been a major agronomic crop in Hawaii with an unique, high-yield, two-year production system. However, parameters relevant to advanced, cellulosic biofuel production, such as net ecosystem productivity (NEP) and radiation use efficiency (RUE), have not been evaluated in Hawaii under commercial production. Recent demand potential has rekindled interest in Hawaiian grown biofuels; as such, there is a need to understand productivity under changing climate and agronomic practices. To this end, we established two eddy covariance towers in commercial sugarcane fields in Maui, Hawaii to evaluate the carbon balance and RUE of sugarcane under contrasting elevations and soil types. We combined the tower observations with biometric and satellite data to assess RUE in terms of net biomass accumulation and daily gross primary production. High, sustained net NEP was found in both fields (cumulative NEP 4.23-5.37 Â 10 3 g C m À2 over the course of the measurement period). Biomass RUE was statistically similar for both fields (1.15-1.24 g above ground biomass per MJ intercepted solar irradiance). Carbon accumulated in both fields at nearly the same rate with differences in cumulative biomass due to differing crop cycle lengths; cumulative gross primary productivity and ecosystem respiration were higher in the lower elevation field. Contrary to previous studies in Hawaiian sugarcane, we did not see a large decrease in NEP or increase in ecosystem respiration in the 2nd year, which we attributed to suppressed decomposition of dead cane stalks and leaves due to drip irrigation and drought. Biomass RUE also showed little decline in the 2nd year. The results show that Hawaiian sugarcane has a higher productivity than sugarcane grown in other regions of the world and also suggests that a longer (>12 months) growing cycle may be optimal for biomass production.
Introduction
Sugarcane is one of the most advantageous agronomic crops for biofuels due to its high productivity, efficiency, and return on energy investment (Goldemberg et al., 2008; Waclawovsky et al., 2010) , which results in proportionally greater greenhouse gas reductions than other agronomic biofuels (De Vries et al., 2010; Davis et al., 2012) . As with other crops, using sugarcane in advanced conversion techniques incentivizes different agronomic qualities (e.g., plant biomass accumulation and enhanced resource use efficiency) versus traditional traits (e.g., maximum sugar yield) (Muchow et al., 1996; Van der Weijde et al., 2013) . Growth and efficiency properties that are advantageous for advanced biofuels, such as net biomass accumulation and radiation use efficiency (RUE), have been investigated for sugarcane using micrometeorological (Cabral et al., 2011 (Cabral et al., , 2013 , remote sensing (Portz et al., 2011) , and field trial/biometric approaches (Inman-Bamber et al., 2011) .
Hawaii is one region where cellulosic biofuel crops are being evaluated. The Hawaiian islands have been a significant, highlyproductive, sugarcane region, but most of the commercial operations ceased in the 1980s and 1990s due to economic pressures (Heinz and Osgood, 2009) . Following cessation of sugarcane cultivation, these lands have reverted back to pasture and forest and have been identified as potential source areas for biofuels (Keffer et al., 2006) . Recent emergence of potentially large and stable consumers (e.g., the United States Navy) of advanced biofuels in Hawaii, (Closson, 2013; Steiner, 2012) has spurred renewed interest in growing sugarcane and other high biomass grasses. However, little research on the unique Hawaiian sugarcane system has been done since the decline of the industry and its research organization, the Hawaiian Sugar Planters' Association (Heinz and Osgood, 2009) .
Hawaiian sugarcane production is distinguished by two major features compared to other regions. One is the extensive reliance on drip irrigation (Moore and Fitschen, 1990) . The other is a much longer growing period ($24 months) compared to other sugarcane growing regions (Allen et al., 1998) . Previous studies have found that biomass accumulation and RUE decrease significantly during the 2nd year of growth. However, assessment of biomass and carbon accumulation in these highly productive environments is challenging, especially in the 2nd year, due to difficulties in recovering desiccated sugarcane leaves (trash) and accounting for stalk dynamics . Assessment of sugarcane productivity and efficiency in Hawaii has relied on plot based studies often with narrower row spacing than commercial plantations that may affect the temporal growth dynamics of sugarcane. These studies have also had widely-spaced (>100 days) periodic sampling, which reduces the resolution of detecting changes in carbon accumulation and RUE in response to crop age and meteorological conditions. Furthermore, climate changes, including reduced frequency of trade winds (Garza et al., 2012) and decreased associated precipitation (Norton et al., 2011) , and wide-spread adoption of disease resistant cultivars have occurred in Hawaiian sugarcane systems. The impacts of these changes on biomass accumulation and radiation have not been studied Eddy covariance (EC) has been used to make non-destructive, highly temporally-resolved, field-scale observations of sugarcane carbon accumulation and controls on growth in rain-fed systems in Australia (Denmead et al., 2009) and Brazil (Cabral et al., 2013) . However, to the best of our knowledge, no EC observations have been reported for either irrigated or Hawaiian sugarcane systems. In this study, we used two EC towers in commercial sugarcane fields in Maui, Hawaii with contrasting elevations and soil types in combination with remote sensing and biometric approaches. Our objectives were two-fold. First, we evaluated whether recent climatic changes in Hawaii have changed the temporal pattern of sugarcane RUE and carbon/biomass accumulation. We hypothesize that the drier locations in our study would result in larger biomass accumulation and higher RUE into the 2nd year of production than previously found due to lower stalk mortality and reduced decay of detritus (also known as trash in sugarcane production literature). Second, we assessed whether the adoption of drip irrigation reduced the impact of soil type and elevation on sugarcane growth and biomass accumulation. Higher-elevation Hawaiian fields have historically had sugarcane rotations up to 36 months to maximize sucrose accumulation (Heinz and Osgood, 2009 ). Additionally, higher elevation fields tend to have greater slopes which make furrow irrigation practices difficult. We hypothesize that drip irrigation and associated fertigation would enable more precise, site-specific irrigation and fertilization to meet sugarcane growth needs, thus reducing biomass accumulation differences between locations with different soil types and elevations as well as reducing inaccessible below ground biomass growth. Answering these two objectives will help update life cycle analyses (e.g., Davis et al., 2009) for comparison of sugarcane with alternative potential biofuel crops and cultivation practices in Hawaii and elsewhere.
Methods

Study site and cultivation practices
Our study sites were located on a $15,000 ha commercial sugarcane (Saccharum officinarum L.) plantation (hereafter referred to as "the farm") in Central Maui, Hawaii, USA ( Fig. 1 ). More details of the farm and experimental setup can be found in and . Per common practice in Hawaii Heinz and Osgood, 2009) , the farm grows sugarcane on a 24-month cycle. The sugarcane is grown from a seed cane crop and is not ratooned. Many areas of the farm have been in continuous sugarcane cultivation for over 100 years. Due to its predominantly Leeward location, the farm uses drip irrigation (Moore and Fitschen, 1990) to supplement highly spatially variable precipitation that ranges from less than 300 to more than 1200 mm year À1 across the plantation (Giambelluca et al., 2013) . Prior to planting, the soil is tilled to a depth of approximately 60 cm and soil amendments, including lime, mill mud, and sand, are added to balance soil pH and to fertilize according to commercial practice. Drip irrigation lines are laid out at a spacing of 2.70 m with sugarcane planted on both sides of the line at a distance of 45 cm. Fertilizers (urea, green phosphoric acid, and potassium chloride) are added throughout the first year of growth via the drip system. Prior to harvest, irrigation is reduced to encourage ripening, dry down the crop, and increase sugar content. Fields are burned at harvest to remove excess sugarcane trash (non-stalk residue) prior to hauling cane off of the field. All field management was done by the farm for commercial harvest purposes.
Eddy covariance and meteorological observations
We installed two eddy covariance (EC) towers in production sugarcane fields at two contrasting fields at the farm (Table 1) . Full details on the EC tower setup and general data processing procedures, including energy balance and moisture observations, are presented elsewhere . One field (hereafter referred to as "Windy") was a lower-elevation field with a sandy-clay loam soil (Table 1) . The second field (hereafter referred to as "Lee") had a higher elevation and a soil with a greater rock and clay content than Windy. Both fields were planted with the same locally-developed sugarcane cultivar, H65-7052 (Heinz et al., 1981) , used across the majority of the farm. Instruments in both fields were identical. Our EC tower had an integrated system (EC150, Campbell Scientific Inc., Logan, Utah, USA 3 ) consisting of an open-path infrared gas analyzer and three-dimensional sonic anemometer with temperature thermistor and enhanced barometer. The tower also had a single component net radiometer (NR-Lite2, Kipp and Zonen, Delft, Netherlands) and air temperature/relative humidity sensor (HMP45C, Vaisala, Vantaa, Finland). All tower instruments were mounted at the same height, which was periodically adjusted to remain 3.0-3.3 m above the zero-plane displacement (ZPD). ZPD was set as 2/3 of plant canopy height (Arya, 2001) , and canopy height was measured every 16 AE 2 days. All instruments were factory calibrated prior to deployment, and we calibrated (zeroed and spanned) the infrared gas analyzers in both fields in January 2012 and July 2012.
Raw EC data were collected at 10 Hz. and initially processed on a datalogger (CR3000, Campbell Scientific). Fluxes and other meteorological data were processed into 30 min averages using with free, open-source software (EddyPro 1 (v3.0 and v4.0advanced mode), released by LI-COR Biosciences, Lincoln, Nebraska USAhttp://www.licor.com/eddypro) to post-process the raw, high-frequency data into 30 min fluxes. The software's settings for time-series checks (Vickers and Mahrt, 1997) , low and high pass filtering (Moncrieff et al., 1997 (Moncrieff et al., , 2004 , sonic anemometer tilt correction with double rotation (Wilczak et al., 2001) , and density fluctuations (Webb et al., 1980) were used. Flux footprint lengths (fetch) were calculated using Kljun et al. (2004) method and quality control flags using Mauder and Foken's (2004) approach. Periods during and immediately after rainfall were flagged. Missing or erroneous tower data, as flagged by the software program and processing options specified above, were gap-filled (Falge et al., 2001; Reichstein et al., 2005) using an online tool (http://www.bgc-jena.mpg.de/). We also used the tool to partition the net ecosystem productivity (NEP) fluxes into gross primary productivity (GPP) and ecosystem respiration (Re) using Lloyd and Taylor's (1994) model driven with air temperature. All fluxes were corrected for energy budget closure by regressing daily sums of measured turbulent and radiometric available energy and adjusting all fluxes by the slope of the regression forced through the origin Leuning et al., 2012) .
As we did not have solar irradiance observations at our EC tower, solar irradiance data were obtained from two nearby weather stations (hereafter referred to as Windy-WS and Lee-WS). Both stations are farm-owned with operation, maintenance, annual instrument calibration, and data processing contracted to a commercial company (Table 1) . Data from the stations' rain gauge (TE525, Texas Electronics, Dallas, Texas, USA) and irradiance observations from a silicon pyranometer (LI200X, LI-COR, Inc.) were us. Both stations are on a $10 m pole and within 1500 m of their respective EC towers with no significant topographic barriers or gradients between them. Weather station data are recorded and compiled by the operator on an hourly and daily basis.
Satellite and biometric observations and RUE calculations
First, we obtained satellite vegetation observations from the MODerate resolution imaging spectroradiometer (MODIS), Terra 250 m, 16 day vegetation product (product ID: MOD13Q1 v.5 - Huete et al., 2002) . Reflectance and quality data were subsetted for each tower location using the Oak Ridge National Laboratory DAAC MODIS subsetting and visualization tool (http://daac.ornl.gov/cgibin/MODIS/GLBVIZ_1_Glb/modis_subset_order_global_col5.pl). We then used the red and near-infrared bands in MODIS to calculate the Wide Dynamic Range Vegetation Index (WDRVI -Gitelson (2004)) as follows:
where P NIR and P RED are reflectances in the near-infrared and red bands, respectively, and a is a semi-empirical coefficient that increases the sensitivity and utility of WDRVI in high biomass environments versus more commonly used vegetation indices (Henebry et al., 2004 ). An a coefficient of 1 would make Eq. (1) identical to that of the much more widely known Normalized Differential Vegetation Index (NDVI). For WDRVI, the a coefficient in the WDRVI calculations was set to 0.2 (Gitelson, 2004) , which has been shown to be a suitable tradeoff between increased sensitivity at higher and lower LAIs (Henebry et al., 2004) . To calculate LAI, we used Gitelson et al. (2007) linear regression between scaled WDRVI and LAI for maize since maize is similar to sugarcane as a high-biomass agricultural crop and because this linear regression compares well with a universal agricultural regression developed by Nguy-Robertson et al. (2014) across multiple crops and regions (mean LAI error of less than 0.25 across WDRVI range of 0-0.95). The fraction of intercepted solar irradiance was calculated with Beer's law using LAI and a light extinction (k) coefficient (Monsi and Saeki, 2005) , with the light extinction coefficient (k = 0.58) coming from Inman-Bamber et al. (2011) . Of the various reported k coefficients for sugarcane, we chose k = 0.58 since it is closer to the k (0.50 and 0.58) used in MODIS data products (Turner et al., 2005) . Dates with clouds or missing data, as flagged by MODIS product visual quality flag, were excluded from further analysis. We interpolated the 16-day observations and calculations of WDRVI, LAI, and fraction of intercepted solar irradiance to daily values using a cubic spline (De Boor, 1978) and then used the daily values to calculate total intercepted solar irradiation. Periodically, throughout the growth cycle (at tower establishment, 6 months after planting, 12 months after planting, and at harvest), plants were sampled to determine carbon content. Along with these periodic samplings, plant and root biomass data were collected at harvest in both fields after removal of the EC tower and prior to commercial harvest. In both fields, we sampled at four locations in the tower footprint. At each location, aboveground biomass was measured by destructive sampling (cutting) of sugarcane within a 2 m 2 (2 m Â 1 m) frame. Fresh biomass was weighed in the field. Moisture content and dry biomass were gravimetrically determined by taking fresh cane samples and drying at 65 C for five days.
Root biomass was measured at each above ground sampling location using a 7 cm diameter mud auger (Signature Series 350.19, AMS Inc., American Falls, Idaho, USA). Soil samples were first taken at three depths (0-20, 20-40, and 40-80 cm) at three core locations perpendicular to the sugarcane line (0 cmunder cane row, 75 cm, and 150 cm). Soil cores were then placed into plastic containers, frozen, and shipped in ice chests back to ARS-Parlier for sieving and analysis for carbon content.
At the ARS-Parlier laboratory, frozen soil samples were thawed and hand sieved using a 1.4 mm mesh sieve to separate roots from soil. We dried root samples overnight (>10 h) at 65 C to obtain dry biomass. Dried above and below ground biomass was ground to 2 mm particle size with a mill (Model 174,931, Thomas Scientific, Swedesboro, New Jersey, USA). Ground biomass samples were dry combusted to determine total carbon content (FLASH 2000 NC Analyzer, Thermo Scientific, Pittsburgh, Pennsylvania, USA). To calculate daily and cumulative biomass for radiation use efficiency (RUE) calculations, we first calculated cumulative heterotrophic respiration (Rh) following Cabral et al. (2013) by taking the difference in carbon storage between the harvested biomass and cumulative net ecosystem productivity (NEP) in the Windy field. The ratio of cumulative Rh to cumulative total ecosystem respiration (Re) was then used to calculate daily Rh. Windy was chosen to assess the Rh/Re ratio due to the extremely high quality of nighttime flux data at this site and the minimal biomass at the beginning of EC observations (plant high <15 cm, plant canopy cover <10%). We interpolated the carbon content of plant biomass between plant samplings to convert the sum of NEP and Rh into total biomass. Finally, we used the shoot to total biomass ratio to calculate above ground biomass. To calculate a total daily and cumulative biomass uncertainty, the uncertainty in the Rh/Re ratio was propagated together with the uncertainty in NEP following the error aggregation approach of Rodell et al. (2004) .
Two forms of RUE were calculated based on the daily tower data. One was biomass RUE (RUEb), which we define as the net efficiency of the crop at converting intercepted solar irradiance (Rs) to above ground biomass usable (g dry biomass per MJ intercepted Rs); this definition assumes that all aboveground biomass can be used for biofuel production and that root biomass is unavailable for conversion. In addition to providing a metric for estimating the net efficiency of production, RUEb can be directly compared to previous reports of RUE in sugarcane (e.g. Muchow et al., 1997; Sinclair and Muchow, 1999) . The other form was gross primary RUE (RUEg), which we define as the photosynthetic efficiency of the crop at converting intercepted Rs to gross primary production (g GPP per MJ intercepted Rs), which is more comparable to light use efficiencies used in satellite modeling and monitoring of plant productivity (e.g. Turner et al., 2003) and can provide greater insight into processes controlling productivity. Mean RUE values for the entire crop cycle were calculated from cumulative GPP/biomass and intercepted solar irradiation.
Results
Meteorological observations
The Eddy Covariance (EC) observations began on 21 July and 23 July, 2011 (113 and 74 days after planting [DAP]), in the Lee and Windy fields, respectively (Table 1) . Observations continued in both fields until before harvest. The Lee field was harvested early ($18 months age) due to unexpected deterioration of the irrigation system, whereas the Windy field was harvested at normal age ($24 months). Meteorology was similar between the fields, with the exception of wind velocity (Fig. 2) . Daily mean air temperature (air T) ranged between 18.5 and 26.7 C in Windy with a mean (standard deviation [STD]) of 23.3 (1.45) C. In Lee air T ranged from 19.0 to 25.2 C with a mean (STD) of 22.6 (1.3) C. Daily mean vapor pressure deficit (VPD) in both fields was relatively small and showed little seasonal variation. Mean (STD) VPDs in Windy and Lee were 11.3 (2.4) and 10.1 (2.3) hPa, respectively. Solar irradiance (Rs) from the corresponding weather stations showed comparatively greater seasonal variation. Mean (STD) of Rs was 20.8 (4.9) MJ m À2 day À1 in Windy-WS and 20.3 (4.1) MJ m À2 day À1 in Lee-WS. Mean daily wind speed (U) showed the greatest differences between sites; mean (STD) of U was 4.1 (1.5) and 2.0 (0.6) m s À1 in Windy and Lee respectively.
Since the EC tower record was significantly (161 days) longer for Windy than Lee we took the overlapping period of the tower to see if there were significant climatic differences between the sites. We analyzed the difference in the mean daily values of all four climate variables (Rs (from Windy-WS and Lee-WS), U, VPD, and air T). All four variables were higher at Windy, with the a mean difference between Windy and Lee for Rs of 1.3 MJ m À2 day À1 , for U of 2.4 m s À1 , for VPD of 1.1 h Pa, and for air T of 1.1 C. To test for statistical difference, we used bootstrapping to sample the difference in daily values for the overlapping period. We used 10,000 samples with replacement for each climate variable. All four variables were very highly significantly different (p < 0.001).
Net ecosystem productivity, gross primary productivity, and ecosystem respiration
The 30 min net ecosystem productivity (NEP) fluxes in Windy ranged from À26.3 to 80.5 mmol C m À2 s À1 with a mean of 8.59 mmol C m À2 s À1 (Fig. 3a) . In Lee the 30 min NEP ranged from À20.2 to 75.0 mmol C m À2 s À1 with a mean of 8.14 mmol C m À2 s À1 (Fig. 3b ). To estimate uncertainty in the mean NEP due to random errors, we again used bootstrapping with replacement with 10,000 samples to calculate a 95% confidence interval (CI 95 ). In Windy, the CI 95 for mean NEP was 7.94-8.35 mmol C m À2 s À1 , whereas in Lee the CI 95 was 8.39 to 8.81 mmol C m À2 s À1 .
Cumulative NEP in Windy and Lee was 5.37 AE 0.21 Â10 3 g C m À2 and 4.23 AE 0.10 Â 10 3 g C m À2 , respectively (Fig. 4) Cumulative ecosystem respiration (Re) increased linearly for both fields (Fig. 5) , with cumulative Re of 3.82 AE 0.05 Â 10 3 g C m À2 and 2.05 AE 0.03 Â 10 3 g C m À2 in Windy and Lee respectively. Cumulative gross primary productivity (GPP) was 9.21 AE 0.25 Â 10 3 g C m À2 in Windy and 6.28 AE 0.10 Â 10 3 g C m À2 in Lee. Cumulative GPP increased linearly in Lee and exceeded Windy until mid-May 2012 when Windy overtook Lee (Fig. 5) . By the end of the observation period in Lee cumulative GPP and Re in Windy was 7.9 Â 10 2 g C m À2 and 8.3 Â 10 2 g C m À2 higher than Lee.
Satellite observations, plant biometry, and radiation use efficiency
Satellite observations of scaled Wide Dynamic Range Vegetation Index (WDRVI), fraction intercepted radiation, and interpolated daily fraction intercepted radiation are shown in Fig. 6 . All indices or fractions showed a predictable increase with increasing crop growth, with Windy showing a greater relative increase due to earlier establishment of the EC tower in the crop cycle. After an initial early peak in fraction intercepted radiation during the winter of 2011-2012, fraction intercepted radiation decreased slightly in summer 2012 prior to increasing back above 90% in fall 2012. Immediately prior to removal of the EC tower, all of the satellite indices and fractions showed large variation in Windy, which we attributed to the dry-down of the cane prior to harvest. Scaled WDRVI showed greater date to date variation for both fields throughout the entire observation period. LAI (not shown) exceeded 5 in both fields by the beginning of December 2011.
With respect to the biometry observations, the carbon content of biomass in Windy remained constant at 50%, with only the initial sampling having a slightly lower content of 49% (Table 3) . Carbon content in Lee was more variable (46-51%) and slightly lower (1-3%) than Windy for all samples except at 6 months. The aboveground biomass as a proportion of total biomass (shoot fraction) was very high in both fields, with 93% of Lee's biomass and 96% of Windy's biomass aboveground. The cumulative biometrically observed biomass at harvest (all above ground components plus roots) was 1.39 AE 0.14 Â 10 4 and 1.13 AE 0.18 Â 10 4 g dry biomass m À2 in Windy and Lee respectively. Heterotrophic respiration, as a fraction of total ecosystem respiration (Re), was 35%. Daily intercepted solar irradiance (Rs) ranged from 3.1 to 27.7 MJ day À1 in Windy and 5.9 to 25.6 MJ day À1 in Lee while daily gross primary productivity (GPP) ranged from 1.9 to 25.9 g C m À2 and 5.3 to 21.7 g C m À2 in Windy and Lee respectively (Fig. 7) . We fitted quadratic curves (dotted lines) to both towers to account for the non-linearity between Rs, and tightly associated photosynthetically active radiation (Escobedo et al., 2009) , and GPP (Turner et al., 2003) . The relationship between intercepted Rs and GPP was significantly stronger in Windy than Lee (r 2 of 0.73 versus 0.44), and the response to intercepted Rs was nearly linear in Windy whereas Lee showed less response to increasing Rs on the sunniest days. Averaged over the entire observation period, RUEg was significantly higher in Windy (0.88 AE 0.02 g C MJ À1 intercepted Rs) than in Lee (0.75 AE 0.01 g C MJ À1 intercepted Rs). Windy had more calculated cumulative biomass accumulation and intercepted Rs than Lee (1.30 Â 10 4 versus 9.63 Â 10 3 g aboveground biomass m À2 and 1.05 Â 10 4 versus 8.37 Â 10 3 MJ intercepted Rs m À2 ). However, this difference was primarily due to the longer period that Windy was growing relative to Lee (Fig. 8) . Averaged over the entire observation period RUEb in Windy (1.24 AE 0.22 g aboveground biomass MJ À1 intercepted Rs) and Lee (1.15 AE 0.15 g aboveground biomass MJ À1 intercepted Rs) were not significantly different. Furthermore RUEb did not significantly differ between the fields at any time during the growth period (Fig. 8) .
Discussion
Comparison of Hawaiian sugarcane productivity and RUE
On a 30 min basis, peak NEP fluxes in both Windy and Lee were slightly larger (70-80 mmol C m À2 s À1 ) than irrigated C4 photosynthetic-pathway agroecosystems in the United States (max. NEP $70 mmol C m À2 s À1 - Verma et al., 2005) and higher than productive, rain-fed sugarcane in Brazil and Australia (max.
NEP $50-60 mmol C m À2 s À1 - Cuadra et al., 2012; Denmead et al., 2009 ). One major difference compared to previous Hawaiian studies was that no major decrease in the rate of NEP/biomass accumulation was observed in either field at $500 days after planting (DAP), which is counter to Evensen et al.'s (1997) results showing no substantial biomass accumulation after 18 months crop age. Muchow et al. (1997) attributed this decrease in biomass accumulation primarily to increased ecosystem respiration (Re) due stalk death and decay rather than a decrease in gross primary productivity (GPP). However, we did not observe a particularly large increase in cumulative Re or decrease in GPP in the second year of growth (Fig. 5) . One possible explanation for suppression of Re is low precipitation. Normal precipitation at Windy and Lee is less than 350 mm/year (Giambelluca et al., 2013) , which is $50% of normal precipitation at the Oahu study sites used by Evensen et al. (1997) and Muchow et al. (1997) . Furthermore, Maui was experiencing significant drought during the observational period; observed precipitation at both adjacent weather stations was less than 160 mm for the entire 18-24 month period. This lack of rain, combined with drip irrigation using the near or sub-surface drip line, would have protected dead sugarcane stalks and leaves from moisture and thus decomposition, which would have enhanced observed NEP and biomass. Compared to recent micrometeorological observations elsewhere, Hawaiian sugarcane had a higher NEP per cycle compared to Australian (1.6-3.6 Â 10 3 g C m À2 - Denmead et al., 2009 ) and ratooned Brazilian sugarcane (1.96 Â 10 3 g C m À2 - Cabral et al., 2013) .
Intercomparison of relative radiation use efficiency (RUE) can be challenging between studies due to varying definitions of productivity and parameterizations of radiative input (Sinclair and Muchow, 1999) . However, compared to the periodic, peak growing season relative RUE values (1.6-1.9 g biomass MJ À1 intercepted Rs) for sugarcane compiled by Sinclair and Muchow, 1999 (Table 1) , our RUE values are lower. There are two possible explanations for this discrepancy we discuss here. First, unlike Muchow et al. (1997) , which used the first year of growth for a Hawaiian crop planted in January, we used the entire observation period that encompassed parts of two winters for our sites. More critically, full canopy cover for both fields occurred at the beginning of the 2011-2012 winter. Winter can strongly decrease RUE (Donaldson et al., 2008) and radiation interception (Singels et al., 2005) in sugarcane, with RUE dropping below 0.8 g biomass MJ À1 intercepted Rs. Second, there is some uncertainty in the parameterization of the light extinction coefficient (k) for calculating intercepted solar irradiance. We chose 0.58 because as of its use in drip-irrigated sugarcane (Inman-Bamber, 1994) and because it is also the value used in MODIS for broadleaf forest vegetation (Turner et al., 2005) that has the most similar LAI to full canopy sugarcane. However, other researchers have found widely varying values for k. Muchow et al. (1994 Muchow et al. ( , 1997 ,) found k % 0.40 for irrigated cane in Australia and Hawaii while De Silva and Costa (2012) found a low k of 0.27 in irrigated sugarcane in Sri Lanka. Studies that have found lower relative interception (e.g., Muchow et al., 1994; Muchow et al., 1994) have also reported higher RUE (>1.75 g biomass MJ À1 intercepted Rs). Given the high LAI (LAI > 5) of sugarcane, variation in k should have less impact on calculated fraction of intercepted Rs during the long full-canopy period; however, the impact on early season calculation of intercepted Rs could be significant. To evaluate this, we calculated fraction of intercepted Rs using k values of 0.40 and 0.27 instead of 0.58 to assess the sensitivity of relative RUE. With a k value of 0.40, RUEb increases by roughly 0.15 g biomass MJ À1 intercepted Rs (to 1.41 AE 0.25 and 1.30 AE 0.17 g biomass MJ À1 intercepted Rs in Windy and Lee respectively). With a k value of 0.27, mean relative RUE increases more to 1.72 AE 0.31 and 1.57 AE 0.21 g biomass MJ À1 intercepted Rs in Windy and Lee. However, this low of k would result in maximum fraction of intercepted Rs of only 0.7, which is likely too low given the very low ground heat flux and complete vegetated cover observed by optical cameras at the fields . Thus it is likely that the actual k value lies somewhere between 0.4 and 0.58.
Impact of crop cycle length on RUE and productivity
With increasing focus on total carbon accumulation for advanced biofuels, one possibility for increasing productivity is using alternate cropping practices and cycles. Current practices for Hawaiian sugarcane have little fertilization in the 2nd year of growth and a reduction in irrigation in the last months prior to harvest. The emphasis is to encourage ripening and sucrose accumulation rather than biomass accumulation Heinz and Osgood, 2009) . With no significant variation in RUEb between our fields with differing elevations and soil types and no significant drop off in RUEb with crop age or biomass accumulation, we focus on the amount of Rs intercepted by the crop to maximize productivity. With respect to intercepted Rs, we note that it remains below $60% of incident Rs until $145 days after planting (DAP) for both Windy and Lee. Neither field declines to that fraction of Rs again with the exception of a possible outlier observation in Windy at the end of the cropping cycle. With a longer cycle between harvests, overall productivity may be higher than other systems (e.g., sugarcane with annual harvest and ratooning). The tradeoff between the lower productivity at the beginning of the growth cycle and the reduced growth phenomenon that has been observed in later growth sugarcane (Van Heerden et al., 2010) needs further exploration to maximize overall field productivity in advanced biofuel systems using Hawaiian sugarcane. We also note that alternate cropping systems, such as ratooning, have well documented issues with diseases and yield declines (e.g., Gillespie and Teakle, 1989; Viswanathan, 2001; Pankhurst et al., 2003; Johnson and Tyagi, 2010) . Finally, Hawaiian sugarcane also has a higher portion of total respiration as heterotrophic respiration (35%) compared to plant (15%) and ratoon (24%) crops in Brazil (Cabral et al., 2013) , which might indicate faster respiration of soil carbon pools in Hawaii. This might be due to the usually fast (less than one month) turnaround time between sugarcane burning/ harvest and replanting in Hawaii. This potential for enhanced early season respiration is further supported by our early season NEP data from Windy and Lee (Fig. 2) . Windy had multiple days early in the observation period with negative NEP (Re greater than GPP) whereas Lee where the tower observations started $50 DAP later than Windy, showed no such days with negative NEP.
Our results confirm that Hawaiian sugar cane has a highly favorable carbon balance and net productivity compared to sugarcane systems in other regions of the world. The results also indicate that the current crop cycle length ($24 months) has higher overall biomass productivity than two 12 month cycles. However, we caution that further work is needed with alternate cropping systems (such as ratooning and adding additional fertilizer in the 2nd year of growth) additional cultivars, and in different climatic regimes in Hawaii to obtain the data needed to optimize agronomic practices for advanced biofuel production.
